Background Colorectal cancer (CRC) is the third most common cancer in the USA. While various lifestyle factors have been shown to alter the risk for colorectal cancer, recommendations for the early detection of CRC are based only on age and family history. Methods This case-only study examined the age at diagnosis of colorectal cancer in subjects exposed to tobacco smoke. Subjects included all patients who attended RPCI between 1957 and 1997, diagnosed with colorectal cancer, and completed an epidemiologic questionnaire. Adjusted linear regression models were calculated for the various smoking exposures.
Introduction
Colorectal cancer is the third most commonly incident cancer among both men and women. It is estimated that there will be almost 145,300 new cases of colorectal cancer in the USA in 2006 (ACS 2006) . Genetic syndromes such as familial adenoma polyposis (FAP) and hereditary non-polyposis colorectal cancer (HNPCC) account for approximately 10% of total colorectal cancer cases, while greater than 75% of cases may arise from environmental/lifestyle risk factors and sporadic mutations (Fuchs et al. 1994; Strate and Syngal 2005) . Those environmental and lifestyle risk factors may include, but are not limited to, a diet low in vegetables, a diet high in red meat, lack of physical activity, high body mass index (BMI), tobacco exposure, lack of NSAID use and alcohol use.
Although smoking is a signiWcant risk factor for a number of cancers, studies published between 1950 and 1980 failed to Wnd an association between smoking and colorectal cancer (Doll et al. 1980; Doll and Peto 1976; Hammond 1966; Hammond and Horn 1958; Kahn 1966; Weir and Dunn Jr 1970) . Subsequent studies then linked smoking to colorectal adenomas, a well-established colorectal cancer precursor lesion (Almendingen et al. 2000; Boutron et al. 1995; Demers et al. 1988; Erhardt et al. 2002; Giovannucci et al. 1994a Giovannucci et al. , 1994b HoV et al. 1987; Ji et al. 2006; Lee et al. 1993; Longnecker et al. 1996; Martinez et al. 1995; Monnet et al. 1991; Nagata et al. 1999; Potter et al. 1999; Terry and Neugut 1998) , and a 2001 review paper found that 15 of 16 studies published after 1970 for men or after 1990 for women reported an association between smoking and colorectal cancer (Giovannucci 2001) . Assuming an approximate 30-year induction period (Giovannucci and Martinez 1996) and a sharp increase in male smoking rates in the 1930s, an increase in the cases of colorectal cancer should have been observed. Ecologic data support this suggestion: colorectal cancer rates increased from the mid-1970s, peaked in 1985 and have since declined by 20% (Jemal et al. 2004; Tomeo et al. 1999) . Thirty years previously, in 1955, male smoking rates began to decline (CDC 2005) .
Recent studies have linked second-hand smoke (SHS) exposure to colorectal cancer; increases in risk were observed among never smokers who were exposed to high amounts of SHS (Lilla et al. 2006; Nishino et al. 2001; Slattery et al. 2003) . Despite recent evidence of an association between smoking and colorectal cancer, as well as knowledge about other etiologic factors, only age and family history factor are taken into consideration for recommendations on screening for CRC (Smith et al. 2003; Winawer et al. 2003 Only a few studies have examined the issue of smoking, colorectal cancer, and age at diagnosis (Buc et al. 2006; Michalek and Cummings 1987; Zisman et al. 2006 ). All three of the studies reported a signiWcantly younger age at colorectal cancer diagnosis for those exposed to tobacco smoke compared to those not exposed. For smokers, our group was the Wrst to report an earlier age at diagnosis of cancer at a variety of cancer sites, including colorectal cancer (Michalek and Cummings 1987) . These studies have hypothesized that cigarette smoking reduces the body's resistance to malignancies, which could hasten tumor growth and result in a younger age at diagnosis (Michalek and Cummings 1987; Zisman et al. 2006 ).
Although only a few studies have examined this issue, there is biological plausibility for a younger age at diagnosis among smokers. It has been hypothesized that carcinogens from cigarette smoke can reach the bowel via circulation following transoral uptake (Yamasaki and Ames 1977) , by direct inhalation of cigarette smoke (Kune et al. 1992) , or through direct exposure to tobacco carcinogens that were brought up from the lungs by the ciliated epithelial cells, swallowed and passed through the intestines. Various cellular mechanisms have been proposed for the carcinogenic action of these substances on the colonic epithelium.
The goal of the present study was to examine the age at colorectal cancer diagnosis based on smoking exposure. This was investigated by examining the age at diagnosis and smoking status of all patients, diagnosed with colorectal cancer, who were treated at Roswell Park Cancer Institute between 1957 and 1997.
Methods

Data sources
This study used data gathered from over 40 years of patient admission to Roswell Park Cancer Institute (BuValo, New York). Patients who were diagnosed between 1957 and 1997 with a primary, histologically conWrmed incident case of colorectal cancer were eligible for inclusion into this case-only study (n = 3,540). Eligible patients completed an epidemiologic questionnaire, which involved three diVerent versions over the years. The Wrst questionnaire, administered during Period #1 (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) , inquired about lifestyle, tobacco, alcohol and dietary patterns. The questionnaire used during Period #2 (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) was a more limited version of the Period #1 questionnaire and focused mainly on tobacco and alcohol use. The Period #3 (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) questionnaire included items on lifestyle, tobacco, alcohol and dietary patterns, along with family history of colorectal cancer and second-hand smoke (SHS) exposure (Table 1) .
Smoking exposure measures
Each patient was classiWed according to his/her selfreported tobacco exposures. Measures included current smoking status (current, former or never), amount smoked, age at the initiation of smoking, and number of years since quitting smoking. We examined active smoking in combination with second-hand smoke (SHS) exposures in relation to age at colorectal cancer diagnosis using the Period #3 questionnaire data, which was the only one of the three surveys to collect SHS information. SHS exposure was assessed by asking four questions to the participants. The Wrst three items captured current SHS exposure, asking how many hours each day a person was exposed to the smoke of others in their (1) home, (2) at work and (3) in other locations. The Wnal item assessed past SHS exposure by asking if a participant's parents smoked in the home while he/she was living with the parents (Table 2 ).
Statistical analysis
One-way ANOVA models were initially run to assess the crude diVerence in age at diagnosis with the various smoking exposures. Next, multivariate linear regression models were constructed with age at diagnosis as the outcome variable. Each tobacco exposure variable was entered into a separate model. In addition to the smoking variables in each model, gender, year of diagnosis and alcohol use (ever/never) were included as covariates. Other variables such as body mass index (BMI), vegetable consumption, meat consumption, family history and race could not be used in the models as control variables due to the large percentage of questionnaires missing this information. Sensitivity analyses were performed where crude models were restricted to those not missing covariate information. Covariates were then added one at a time, in a stepwise, forward manner to observe the eVect of each covariate on the outcome. The analyses examined the stage of diagnosis (local involvement, regional involvement, regional nodes and direct extension, and distant) based on smoking status, and statistical models were also stratiWed by the stage of diagnosis. All analyses were stratiWed by gender and anatomic location (colon versus rectum).
The same analyses were completed for SHS exposure, and additional covariates included BMI, race, and vegetable and meat consumption for those analyses. Taking into account the temporal trends in smoking, the analyses were also stratiWed by 10-year birth intervals, and the diVerence in age at diagnosis was calculated for each interval. These stratiWed analyses were run to ensure that the overall results were not due to a birth cohort eVect. Table 3 displays the demographic and lifestyle characteristics of the colorectal cancer patients who were admitted to Roswell Park Cancer Institute between 1957 and 1997, stratiWed by data series and overall. The results show a signiWcant shift towards cases of colon cancer versus rectal cancer over time. The percentage of patients who reported ever using alcohol increased signiWcantly from Period #1 to Period #3. Smoking habits also changed between 1957 and 1997, with an increase in the percentage of ever smokers and a signiWcant decrease in the percentage of current smokers over this interval. Also, the amount smoked signiWcantly increased over time, while the average age at initiation signiWcantly decreased.
Results
Tobacco smoke exposure and age at diagnosis of colorectal cancer Table 4 displays the crude and adjusted diVerence in age at diagnosis based on smoking status, amount smoked and None, 0.5-2.5 h/day, 3 or more h/day Number of hours exposed to smoke from another person's cigarettes at (1) home, (2) work or (3) other age at smoking initiation. For the smoking status, the largest adjusted diVerence in age at diagnosis was among current smokers (¡6.8 years, P < 0.001), followed by former smokers who quit less than 5 years ago (¡4.3 years, P < 0.01); no signiWcant diVerence was observed for former smokers who quit more than 5 years prior to diagnosis (+1.0, P = 0.21). The results show no signiWcant diVerences when stratiWed by gender. The results show that as the amount smoked daily increased, the adjusted age at CRC diagnosis decreased. Individuals who smoked less than a pack/day were diagnosed with colorectal cancer almost 3 years (P < 0.01) before never smokers; those who smoked 1 pack/day were diagnosed 3.6 years (P < 0.01) earlier than never smokers, and those who smoked more than 1 pack/day were diagnosed almost 5 years (P < 0.01) before their never smoking counterparts. There was also a positive trend for decreasing age at diagnosis with the daily amount smoked. Finally, those who were 22 years old or older when they began smoking were 2.7 years (P < 0.01) younger at the time of diagnosis, while those between the ages of 17 and 21 at smoking initiation were 4 years younger at diagnosis (P < 0.01), and those under 17 years old at smoking initiation were 4.8 years (P < 0.01) younger at the age of CRC diagnosis compared to their never smoking counterparts (P < 0.01 for trend).
Past SHS exposure had a greater eVect on the age on diagnosis of colorectal cancer than current SHS exposure among lifetime never smokers. As shown in Table 5 , the age at CRC diagnosis did not vary signiWcantly among individuals reporting current SHS exposure; however, those reporting prior SHS exposure were 8.6 years younger at diagnosis (P < 0.01). Those participants exposed to SHS both currently and in the past were diagnosed with colorectal cancer 11.6 years (P < 0.01) earlier than those who reported no prior SHS exposure. Similar results were seen when the analyses were stratiWed by gender. When current SHS exposure was examined by the number of hours per day exposed to SHS (none, 0.5-2.5 h, 3 or more hours), never smokers exposed to less than 3 h a day of SHS were diagnosed 4.2 years (P < 0.01) years earlier and never smokers exposed 3 or more hours of SHS a day were diagnosed 3.6 years (P < 0.01) earlier than never smokers not currently exposed to SHS; however, the trend was non-signiWcant. When active and passive smoking exposures were combined, the largest diVerence in age was observed among current smokers (¡9.5 years, P < 0.01), followed by former smokers exposed to SHS (¡7.2 years, P < 0.01) and never smokers exposed to SHS (¡6.8 years, P < 0.01).
In the data not shown, analyses were stratiWed by the stage of diagnosis (local, regional, distant) for age at diagnosis by the current smoking status. Clinical stage informa- 123 tion was only available for Period #3. Using the stage of diagnosis as a covariate in the linear regression model did not signiWcantly alter the age at diagnosis (beta changed <10%). For Period #3 only, current smokers were diagnosed 4.0 years (P < 0.01) before never smokers, regardless of the stage of diagnosis. When the analyses were stratiWed, the age at diagnosis was similar for each stage of diagnosis. Compared to never smokers, current smokers with local colorectal cancer were diagnosed 4.8 years (P = 0.11) earlier, while current smokers with regional colorectal cancer were diagnosed 3.6 years (P = 0.03) prior, and current smokers with distant colorectal cancer were diagnosed 3.7 years (P = 0.07) earlier. Although the age at diagnosis for the stratiWed analyses was similar to the unstratiWed age at diagnosis, some of the results did not achieve statistical signiWcance. The most likely reason for the lack of statistical signiWcance is that the stratiWcation decreased the number of cases, which reduced statistical power.
Discussion
This study found that persons with tobacco smoke exposures (both active and passive), especially early in life, had a signiWcantly younger age at CRC diagnosis than lifelong never smokers. Active smoking resulted in the youngest age at diagnosis, followed by exposure to passive smoking. The implication of this Wnding is that screening for colorectal cancer, which is now recommended to begin at age 50 years for average risk individuals should be initiated 5 to 10 years earlier for persons with a signiWcant lifetime history of exposure to tobacco smoke. The results from this study are consistent with three other published papers that have reported an earlier age of diagnosis for colorectal cancer in those who were current cigarette smokers (Buc et al. 2006; Michalek and Cummings 1987; Zisman et al. 2006 ). The biological mechanism underlying these observations is unclear. Earlier age of colorectal cancer diagnosis due to smoking may be a consequence of the eVects of smoking on the body's immune resistance to tumors, not just the eVect of smoking on the tissue of the large intestine. Animal studies have demonstrated that exposure to tobacco smoke impairs local and systemic immunity (Thomas et al. 1973) , depresses primary and secondary immune function , and that transplanted tumor cells grow better in mice chronically exposed to tobacco smoke . A study on humans found that current smokers have signiWcantly lower residual antibody levels following inXuenza vaccination than never smokers, supporting this hypothesis of immune impairment from smoking (Finklea et al. 1971) . Natural killer (NK) cells are large granular lymphocytes that are believed to play a role in resistance to neoplasms and viral infections and in the control of metastatic spread of cancer (Tartter et al. 1987) . Animal experiments have shown that lower NK cell activity is associated with higher cancer incidence, while studies on NK cell activity on humans have found signiWcantly lower NK activity among smokers compared to non-smokers (Ferson et al. 1979; Ginns et al. 1985; Phillips et al. 1985; Talmadge et al. 1980) . Another study found that smoking decreased both the quantity and function of NK cells, and the quantity and function remained impaired after smoking cessation, while other white blood cell functions returned to normal (Tollerud et al. 1989) . Other research has linked lower initial NK cell activity to colorectal cancer recurrence and an advanced colorectal cancer stage at diagnosis (Tartter et al. 1987) .
Current literature suggests that nicotine may play a signiWcant role in the earlier age at diagnosis for colorectal cancer. After smoking, the levels of nicotine found in the GI tract are higher than that in the plasma (Fukada et al. 2002) . While recent research has shown that nicotine may not be carcinogenic by itself, it may induce cell proliferation, increase tumor growth and stimulate angiogenesis (Dasgupta and Chellappan 2006; Heeschen et al. 2001 ).
Nicotine from second-hand smoke has been reported to increase tumor size and promote angiogenesis (Zhu et al. 2003) . In two current studies, Wong demonstrated in the Wrst study that nicotine promoted human colon adenocarcinoma cell proliferation and in the other study that nicotine promoted colon tumor growth and angiogenesis (Wong et al. 2007a (Wong et al. [k1], 2007b . Other researchers have concluded that nicotine may at least be partially involved in the initiation, promotion and progression of gastrointestinal tumors (Wu and Cho 2004) .
The results of this study must be interpreted with caution due to the lack of control for certain confounders. While the analyses examining the eVects of active smoking on age at diagnosis controlled for gender, any alcohol use and year of admission, other well-established risk factors for colorectal cancer, such as body mass index (BMI), race, meat consumption, vegetable intake, NSAID use and family history could not be included as covariates because these data were not consistently collected across the study duration. However, where dietary and family history data were available, sensitivity analyses were performed. Table 6 displays the results of those analyses, in which the adjusted diVerence in age is shown next to the crude diVerence in age. The addition of these covariates to the model had little eVect on age at CRC diagnosis. Also, where data were present, dietary habits, BMI and family history did not signiWcantly diVer Table 5 Age at diagnosis for lifetime never smokers with SHS exposure (Period #3 only, 1982 (Period #3 only, -1997 All analysis were controlled for gender (for combined analysis), alcohol use, BMI, race, vegetable consumption, meat consumption and year of admission * The average age at diagnosis is signiWcantly diVerent (P < 0.05) from the average age at diagnosis among never smokers based on smoking status, suggesting that the lack of complete covariate information did not alter the main conclusions of this analysis.
Smoking patterns over time have been variable, with increased smoking prevalence among male birth cohorts until the 1930s, while increased smoking prevalence among female birth cohorts was observed until the 1950s. It is possible that the association between smoking and age at diagnosis may actually be an artifact of diVerential smoking behavior among the birth cohorts. To determine whether or not the Wnding of a younger age at diagnosis among smokers was an artifact of smoking behavior among diVerent birth cohorts, smokers were placed into categories based upon the year of birth (10 year intervals). We found consistent, signiWcant diVerences, with current smokers having an earlier age at diagnosis within each "birth-cohort", indicating that the association between smoking and age at diagnosis was not an artifact of diVerential smoking patterns among birth cohorts.
Zisman et al. raised the possibility of spurious results due to competing causes of mortality (Zisman et al. 2006) . There is little doubt that smokers have a shorter life expectancy than never smokers due to a higher death rate from various causes (Bronnum-Hansen and Juel 2001) . If competing causes of mortality were the correct explanation, a younger age at diagnosis would be seen across other disease sites. To investigate this, age at diagnosis based on smoking status among other disease sites was examined in this data set. Age at diagnosis did not diVer, based on smoking status, for non-malignant diseases such as benign skin, kidney, breast, and uterine disease, along with buccal disease and other GI conditions (gallbladder, pancreatic ailments; P > 0.05). These Wndings demonstrate that the diVerence in age at diagnosis is not solely due to the diVerence in life expectancy between smokers/never smokers and that competing causes of mortality was not a major factor in this analysis.
This study also examined the clinical stage of colorectal cancer at diagnosis based on smoking status. The results showed that the age of diagnosis was similar across the clinical stages (local, regional, distant). The addition of clinical stage as a covariate to the linear regression model and the resulting minimal eVect on age at diagnosis ruled out the possibility that smokers were under the increased care of a doctor. Increased doctor visits could have led to increased screening for colorectal cancer, artiWcially creating an earlier age at diagnosis among smokers. The analysis shows this was not the case in this study. Analyses were also stratiWed by colorectal cancer stage and found no signs of interaction; a signiWcantly younger age at diagnosis among smokers was consistently observed across all strata.
There are several limitations to the current study. One limitation was the completion rate of the questionnaire. All patients who were treated at Roswell Park Cancer Institute were given the option of completing the questionnaires. The completion rate was the highest for Period #1 (85%), and the rate declined over the two subsequent periods to »50% for Period #3. Another limitation was that secondhand smoke (SHS) exposure was only assessed during Period #3 (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) . This greatly limited the number of persons who provided SHS exposure information and reduced the statistical power for some of the passive smoking analyses. Lastly, the limited use of certain covariates (BMI, family history) was another limitation found in this study. This study has several strengths, including the assessment of tobacco exposures via multiple measures. Previous studies relied upon measure of a more limited scope to assess tobacco exposure, such as current smoking status only. Our results demonstrated a consistent decrease in age at diagnosis across the various exposure measures. Using continuous exposures such as amount smoked and age at initiation, positive trends were observed.
This study is also one of the Wrst studies to Wnd that age at diagnosis may also be aVected by second-hand smoke exposure. When both active and passive smoking were placed into the same model, the results showed that active smoking exposure had the largest eVect, followed by passive smoking exposure, which is what makes sense from a biological standpoint. Another strength of this study is the large sample size. This large numbers of cases allowed for high statistical power and the ability to stratify the analyses. Cases included in this study were accrued over 40 years, and the large number of colorectal cancer cases included in this study, combined with the more detailed exposure assessment, represents a unique strength.
Conclusions
This study found that smokers with considerable exposure, especially early in life, were at a signiWcantly younger age at CRC diagnosis than lifelong never smokers. The results for active smoking and age at diagnosis are in agreement with the results of other studies that examined age at diagnosis for colorectal cancer and cigarette smoking (Buc et al. 2006; Michalek and Cummings 1987; Zisman et al. 2006 ). This study is also one of the Wrst to examine the age of patient, with second-hand tobacco smoke exposure, at diagnosis of colorectal cancer. The results demonstrate that never smokers with considerable SHS exposure, especially early in life, were more likely to be diagnosed with CRC at an earlier age than persons without such exposure. The biological mechanism accounting for the observed earlier age at diagnosis among those with heavier exposures to tobacco smoke remains unclear and needs to be explored further. However, the practical implications of our results are that screening for colorectal cancer, which is now recommended to begin at age 50 for average risk individuals might be started 5 to 10 years earlier for those persons with a signiWcant lifetime history of exposure to tobacco smoke.
